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FOREWORD

This report is prepared by the Lockheeed-Georgia Company under Con-
tract NAS1-15949, "Advanced Composite Structural Design Technology for
Commercial Transport Aircraft," and describes the theory and capability of
a computer program prepared for the analysis and sizing of stiffened com-
posites panels. This work was performed under Task Assignment’No. 5 of the
contract, The program is sponsored by the National Aeronautics and Space
Administration, Langley Research Center (NASA/LaRC). -Dr. James H. Starnes
is the Project Engineer for NASA/LaRC. John N. Dickson 1is the Program
Manager for the Lockheed-Georgia Company.
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POSTOP: Postbuckled Open-STiffener Optimum Panels - Theory and Capability

John N. Dickson and Sherrill B. Biggers
Lockheed-Georgia Company
Marietta, Georgila

SUMMARY

A computer program, POSTOP, for the analysis or sizing or stiffened
panels is described. Buckling resistant or postbuckled panels subject to
loading conditions typical of aerospace structures may be treated. Com-
posite materials may be used. Analytical routines are included to compute
panel stiffnesses, strains, 1local and panel buckling loads, and skin/
stiffener interface stresses. Multiple load cases may be defined. Sizing
is performed by the COPES/CONMIN optimization routines. This report

describes the analytical and sizing procedures used in the program.

INTRODUCTION

Stifiened panels are widely used in aerospace structures. Applica-
tions include fuselages, lifting and control surfaces, spar webs, bulkheads
and floors among others. The skin or web is typically required to remain
unbuckled under some loading conditions but allowed to enter the postbuck1¥
ing regime under other more severe loading conditions. For -example, metal
transport fuselages are normally allowed to buckle at ultimate loads but
are required to be unbuckled at loads corresponding to 1g. level flight.
The preliminary design of minimum-weight stiffened panels subject to multi-
ple loading conditions and various requirements associated with each load-
ing condition can become a formidable problem. If composite materials are
to be considered, the number of design variables and the size of the opti-
mization problem, as well as the complexity of the required analyses, may

increase substantially.



As an aid to the preliminary design of stiffened coniposite panels that
nay Se» loaded in the postbuckling regimé, an analysis and 8izing code,
POSTOP, has been developed. A comprehensive set of analysis routites has
been coupled to the COPES/CONMIN (Reference 1) optimization program to pro-
duce this sizing code. POSTOP is intended for the prelimindary design of
metal or composite panels with open-section stiffeners, subjedted to com-
bined biaxial compression (or tension), shear and nortal pressuré loading.
Longitudinal compression, however, is assumed to be the dominant loading.
Temperature, initial bow eccentricity and 1load eccentricity éf‘féetﬁ are
included. The panel geometry is assumed to be repetitive over sevéral bays
in the longitudinal (stiffener) direction as well as in the transverse
direction. These restrictions were imposed to allow the development of
analysis routines with the efficiency required in a practical sizZiag é@éé;
The resulting program is applicable to stiffened panels as commonly used in
fuselage, wing, or empennage structures.

This report describes in some detail the analysis procedures -aﬁd
rationale for the assumptions used therein. A brief description of the
sizing methodology is given. Further discussions of the optimiZation
ciceedure and routines are available in References 1-3. Detailed irnchroc.
tions for the use of the code and interpretation of the output from the
program are given along with several exambles in a separate User's Mannual

(Reference 4).



SYMBOLS

Symbols generally are defined in the text as they first occur. A list of

the more important ones is given below.

3y

o 0
u ,v W

X,¥,2

ﬁangent in-plane stiffnesses of postbuckled pla;e
stiffener spacing

rotational stiffness of skin used in stiffener 10051

buckling analysis

normal pressure load

longitudinal, transverse and normal Qisplacements of a plate
X,¥, and z direction displacements of stiffener shear center
coordinate directions

stiffener shear center coordinates relative to centroid
stiffener centroid coordinates

coordinates of lines where skin attaches to stiffener in

torsional/flexural analysis

vertical distance from panel centroid to ith stiffener

element

plate in-plane stiffnesses

longitudinal extensional stiffness of ith stiffener element



ghan  gsec

skt Vxsk
D,
Dy
EA
X
£t
Ely
EA, GJ, C,
EL, . EL
EAS, EAT
Elg. Elp
EI
G, (X,)
KO ’ K¢
w0y
yy |y
e» My Mp
MS,

,EI

ZZ

tangent and secant longitudinal extensional stiffness of
postbuckled plate

plate bending stiffnesses
longitudinal bending stiffness of ith stiffener element
panel longitudinal extensional stiffness |

panel longitudinal bending stiffness

stiffener extensional, torsional and warping stiffhnesses
- stiffener bending stiffnesses

secant and tangent panel extensional sﬁiffhesses

secant and tangent panel bending stiffnesses

stiffener polar bending stiffness

jth constraint

rotational stiffeness of stiffener, equations 21 and 23
net rotational stiffness of stiffener, equation 24

transverse moment and normal shear constraints on kth

stiffener

moments due to bow eccentricity, axial load eccentricity and

pressure

margin of safety for failure mode j



(k) (k)
Nyy ! ny

N N

12NNy,

applied longitudinal, transverse and shear loads

th

longitudinal stress resultant in i stiffener element

in-plane transverse and shear constraint forces on kth
stiffener o

average longitudinal, transverse and sheaf stress resultants

on post-buckled plate

equivalent thermal loads

h

equivalent longitudinal thermal loads in it stiffener

element

equivalent transverse thermal loads in ith stiffener element

and skin
standard and modified Euler loads
stiffener compression load
th
n degree Legendre polynomial
reaction forces on stiffener at center of rotation
strain energy per unit area of postbuckled plate

width of 19

stiffener element, i = 1,5
ith design variable

objective function

laminate strains



xi

€6 %5

uxi'uxysk

longitudinal strain in ith stiffener element

longitudinal, transverse and shear strains at edges of
postbuckled plate

rotation of stiffener, flexible eross-section
longitudinal curvature of panel

half-yavelength

~ Poisson's ratio in 1th stiffener element and skin

rotation of stiffener, rigid cross-section

longitudinal, transverse and normal stresses at

skin/stiffener interface

- in-plane and transverse shear stress~s at skin/stiffener

interface
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STRUCTURAL ANALYSIS

A flow chart of the principal elements of the analyses is shown in
Figure 1. Initially skin/stiffener section properties are calculated
assuming the skin to be unbuckled to obtain a first estimate of the
longitudinal strain and curvature of the panel. Since the rotational
restraint provided by the stiffener to the skin is a function of the
stiffener load, it may be determined only after the panel strain and
curvature are known, If the applied loads cause buckling of the skin
(assuming skin buckling is permitted), the postbuckled plate analysis is
performed and an iterative procedure is needed to determine the correct
strain and curvature of the panel. The postbuckled plate analysis provides
the tangent and secant stiffnesses of the buckled skin needed in determin-
ing the panel strain and curvature. The rotational restraint of the skin
by the stiffener is reevaluated during the iterative procedure to account
for redistribution of load between the skin and stiffener. Skin strains at
various locations are also compared with material allowables and the mem-
brane strains are checked against prescribed strain limitations. Strength
cheoeks and local buckling checks are performed for the stiffener 2lements
including the rolling mode in the case of flanged stiffeners. The tor-
sional/flexural buckling analysis of the stiffeners takes into account the
effect of the attached skin. A skin/stiffener interface stress analysis is
performed as a final check at the option of the user. DeSign constraints
relative to the skin layup may also be imposed.

The principal elements of the analyses are discussed in some detail in

the following sections.

SECTION PROPERTIES AND PANEL STIFFNESSES

The geometry of the stiffener is shown in Figure 2. The width of any
or all flanges may be set to zero to produce other than I-shaped cross-
sections. The widths, thicknesses, and ply lay-ups of all five stiffener
elements may be different. All elements are assumed to be balanced and
symmetric. It is further assumed that all plate elements have a sufficient

number of plies so that bending-twisting coupling in the plates may be
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Figure 1. Flow Chart of Analysis Routines




neglected, and the plates may be treated a3 specially orthotropic. These
requirements are normally satisfied by practical composite structures. The
“simplifications allowed by these assumptions greatly increase the computa- -

tional efficiency of the analytical routines.

z
1
W, w,
A = CENTER OF ROTATION ,
C = CENTROID
W Yo § = SHEAR CENTER

Figure 2, Stiffener Geometry

The stiffener is treated as an assemblage of plate elements in deter-
mining the extensional, bending, torsional and warping stiffnesses. Linear

laminate theory is used to determine the plate inplane stiffnesses, A, .,

1]
and bending stiffnesses, Dij' as well as the equivalent thermal loads,
NT. The stress resultants acting in the plane of the ith stiffener element
are given by

{N}i = [Al; {e}i - {N'} : (1)



It is assuimed that &ll of the Ny Joading is taken by the skin. The
levigitudinal stress resultant in each of the stiffener elements s written
in the form

, - , . W
Nei = Bxi it Vi Ypi T Vi (2)

and the longitudinal stress resultant in the skin becomes

Nx‘sk = Aksk

T T

€ €NY + NYSK)\} - NRSK €3}

€ + 1
xsk ”xysk
where the longitudinal extensional stiffness, Kx is

_ 2
A, =By~ BBy

Similarly for the longitudinal bending stiffness

_ 2
D, = Dy = Dyp/Pyy

The longitudinal extensional and bending stiffnesses of the panel are
required in the beam-column analysis which determines the 1longitudinal
strains and curvatures in the various elements of the panel(see Figure 2).
These stiffnesses are:

5
FA_ = Zw.i.+b?§

X =~ T xi 5 " xsk (4
i=1
R S PO
Bly = & Wil%a 23 7 D] Vs Beg (25 + W5 /12)
bbb (R, AL+ D, ) )
3 xsk sk 7ok
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where the Zidlstances are measured from the panel centroid to the mid-
surface of the plate elements., If the skin is buckled, secant or tangent
values of szk must be used in calculating panel stiffnesses. This is dis-
cussed in more detail in the Postbuckled Plate Analysis Section.

In the torsional/flexural buckling analysis, extensional (EA), bending

EI . R

( vy EIyz
stiffener are required. 1In calculating these stiffnesses, the portion of
the skin which is integral with the attached flange of the stiffener is

assumed to be part of the stiffener. Elementary beam theory is used to

EI_,), torsional (GJ), and warping (C,) stiffnesses of the

determine these stiffnesses as well as the location of the shear center

about which the warping stiffness is computed.

BEAM-COLUMN ANALYSIS

Since the stiffnesses of the buckled skin are functions of the skin
and stiffener strains and the skin strains depend on the panel stiffnesses,
an literative beam-column analysis 1s required to determine the strains and
curvatures in the panel. If the skin is not buckled or is raquired &tz bz
unbuckled, only one pass through the iteration routine occurs in the
analysis. Otherwise the iteration proceeds until the newly calculated
longitudinal strain in the skin approximately equals the previously cal-

culated value. A simple flow chart of the basic operations is shown in
Figure 3.

After selecting any initial guess for the skin strain and calculating
the stiffener properties, the unbuckled panel stiffnesses are computed.

The Euler load, adjusted for stiffener shear flexibility, is defined as

Py = P/l » nPy/ (AL, W) ] (6)

11
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SKIN STIFFNESSES: |

sec _tan
A A
xsk” xsk

Figure 3, Flow Chart of Beam=Column Strain lteration Routine
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where A66 and HS refer to the shear stiffness and height of the web,
respectively, n is the shape factor, EIT is the tangent bending stiffness
of the skin/stiffener combination, and PE is the standard Euler load.

Equation (6) is obtained from Reference 5, Section 2.17. For stiffeners
having a free flange (w1. w2), the shape factor, n, is conservatively
assumed to be 1.0. For blade stiffeners, n is taken as 1.1, a value midway

between that appropriate for a rectangular cross-section (1.2) and a
flanged stiffener (1.0).

3

The maximum moment at the panel midpoint is the sum of the moments due

to initial bow, load eccentricity, and pressure

Mo Mk MM - - ‘(f)

If the magnification parameters ¥ and # are defined as

= P, (8)
Y NX bS/PE

u =mfy/2 (9)

the moments can be written as

My = N, bS e/ (1-Y) . (10)
MN = —Nx bS A/cos (W) an

(12)
Mp = -pLob_[sec(u) - 11/44°

13



M, = -pt%b_[(esc(u - 11/44° (Fixed Ends) 3

where

e = Initial Bow Magnitude at Midspan
(Positive Tnward, Both s+ And -~ Are Checked)

A = Eccentricity of N_ From Centroid
(Positive Towards Skin)

p = Applied Pressure
{(Pogitive If Internal)

The curvature at midspan is

RX = 4M/FTS {in)
whiere IEIS is the secant bending stiffhess of the panel. Although the
tangent and secant stiffnesses vary along the length of the panel due to
the variation of the moment along the length, the panel is conservatively
assumed to have constaht properties along its length based on the maximum
midspan moment. If a nonzero value of "e" i3 specified, sSeparate &nalyses

are performed for +e and -e.
The longitudinal strain in any elément of the panel 1is

Xi PX/EAS K _
i'n which Px 18 the total equivalent longitudinal load on the panel

o P T
$ ) - Y 4 4+ N ; +
x = s M, Preysk (Ny * Nyisk) Nyek!

T (16)
Ny

i

P

14



where NTST is the equivalent thermal load in the stiffener. Having an
improved estimate of the longitudinal strain in the skin from equation
(15), as well as strains in the stiffener elements, new skin secant and
tangent stiffnesses can be computed. These stiffnesses are not only
functions of the skin strain but also of the stiffener element strains as
reflected through the stiffener rotational restraint of the skin. This
rotational restraint is discussed in the following section. The iteration
on skin strain continues until two consecutive values differ by less than
0.000020 inches/inch.

ROTATIONAL RESTRAINT CF SKIN

The skin plate is restrained along its long edges by the stiffener.
The panel ends are assumed to be simply supported. For long wavelengths,
the rotational restraint is primarily a function of the torsional stiffness
of the stiffener. For short wavelengths, the web transverse bending
stiffness dominates the rotational restraint. Intermediate wavelengths
require interaction of the torsional stiffness of the stiffener and the
bending stiffness of the web.

The torsional stiffness of the stiffener may be determined from the
differential equation of a column subject to a distributed twisting moment,
Ma' This equation, obtained from Tection 5.5 of Reference 5, is

c, b (GT - EI_ B/EA) b,

- P w -z Vv
(Yo 'xx o 'xx

)

KXXX XX

-R -z_) + - = :
Iy(zo 7a) Rz(yo ya) Ma ()
in which EIo is the polar bending stiffness: P is the compression load
acting on the stiffener; Yo Z, 2re the shear center coordinates and»ya. z,
are the coordinates of the center of rotation relative to the centroid; and

Ry and Rz are the horizontal and vertical reaction forces at the rotation

center, respectively (see Figure 2).

15



If the skin is assumed to deform antisymmetrically about the rotation
center and this point lies in the skin midplane, the vertical reaction R-z =
0 and z = Z . (see Figure 2). The reaction forces are given by
Tyx * (18)
O .
tex Yo Prxx’ (19)
Assuming that the cross-section rotates without local deformation abeut the

rotation center, as shown in Figure H4(a),

v =0=v0+(zo—z)¢ (20)

Figure 4, Stiffener Rotational Deformation

Equations (17) through (20) can be combined to yield two coupled
differential eguations in w and ¢. If M a ¥ and @ are assumed to yary

sinusoidally, +the ‘two equatipns ‘may ‘be solyved to y‘i‘elz(j the ¢torsional
stiffness

16



Kp = M /3

? 2c + EI 2] + a7 - P (EI - 22 + 23
- m(C 2z (Zo7Zg) ] SEA -z t 2z,
A2 (A2
ﬂ2 S 12 nz 5
..[E:Iyz(zo za) XZ - PyO] /(EIYy \2 P) (zi)

where A is the half-wavelength. AS A becomes small &b increases rapidly.

In the limit the rotation’q) vanishes and the stiffener deforms as shown in

Figure H(b). The rotational stiffnesses of the stiffener elements can be
obtained by solving the differential equation

- N =0 (22
Dyy Wrgywx ¥ 2(P1p + Dge) Wopuoo ¥ Pop Wryuuy T Nk Mrax (22)

with the appropriate boundary conditions (free or elastically restrained)
at one edge and an applied sinusoidal moment at the opposite edge. The

stiffness assoclated with this deformation is denoted
Ky = MQ/O (23)

and 18 a function of wavelength, element loads and element stiffnesses. If
both K¢,and KO are finite, the total deformation is as shown in Figure

U(c). The net stiffness is approximately that of two springs in series

Kp = 1/ (1L/Kg + 1/K,) 24

If the stiffener has no free flanges, cross-sectional deformation is

negligible and KR is set equal to Kq).

17



POSTBUCKLED PLATE ANALYSIS

The analysis predicts the behavior of anisotropic plates loaded in the
postbuekling range by a combination of in-plane biaxial compression, or
tenstodt, and shear. PDerivations are based on the shear fleld theory
developed by W. T. Koiter (Reference 6) for isotropic plates. This theory
wis éxtended to ineludé the case of symmetrically laminated composite
platés. The buckling displacement patters used inm the analysis 1is
expréssed by

wix,y) = Wiy) sin’% (x-my) (25)
in which A is the half-wavelength of the buckle in the Iongitudinal (x)
direction and m defines the inclination of the nodal lines im the presence
of shear. To extend the analysis into the advanced postbuckling regime,
the function Wly) is taken as constant (W = f) in & center strip of width
1 . @ b, and remains doubly curved in the edge zones.  The buekliog
displacement pattern is shown in Figure 5, The Rayleigh-Ritz method is

used to determine the unkhown parameters, A, m, f and a. For plates of

NODAL LINE

g 1/2 absk ‘(L- a) bs.

«

A ~ NODAL LINE

T S LY . ..__.__Bg aml el o i

Figure 5. Post Buckling Wave Pattern
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finite aspect ratio, A must be determined so as to produce an integer number

of half waves along the plate length,

that which makes the strain energy a minimum.

Average stress resultants

The correct number of half waves is

The total strain energy per unit surface area, including the torsional

strain energy of the stiffener, may be written as

+ %-N*F[D C(2-a) + =

where

= 1r2f2/(4bs )

C = 1-4ty m + 2pm® -

C, = a“C/amk

2 -
[ (3-2a0ah,,

DC,/a + M a ]% +Kg AF/(azbs)

4#2 m + 2m4

k=1,2,3

19
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D” + Azz/a ]
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The rotational restraint ’(s!fcﬂ) is a funetion of A and of the stiffener
load (see Rotational Restraint of Skin). ‘The average stress resultants,
Na' ;NQ, and N,, acting on the postbuckled panel #ay be written ih terms of
the panel edge strain, €,, fse.;?ﬁ, and ’9’125 and the wave shape paramebers D, F,
m, and a.

Ny

]

Ay € ¥ A, € % (A + A, ) (1 = @/2) DF + Ay, F/(20)

11 1 12

Ny = Byy €) + Agy € + (Agy + By m)(1 a/2) OF + Ay, F/(20) (27)

N - (2-Q)mDF}

12 = Bes M2

Differentiating the strain enhergy equation (26), with respect te F; #;
and @, for a given value of D, yields three equations from whieh thess
three parameters can be determined.

’NlD(z—a) + Nz[mzb(z—a) + 14 - QN’lz mD(2~-a) + ZKR/(dzbs) +

1 o ok M2 4 A a3
4F [ (3-2a) aAll D° + A22/a ] +

1 s 12 1 3
3 N* [D"C(2-a) + SDC A+U,,/a7]= 0 (28)

N2m(2—a) Nl?_(z Q) + 8 N* [DCl(Z Q) + 5 C3/Ol] = 0 (29)
2 2 L am E n2 L 4

N.D + .\12(mZD + 107 - 2lemo = gF [ (3~4@) AyyD 3A22/a ]

. l‘u 2 1 2 N 3, . 4

+ 3 *[D°C + 3DC 2/a + 3,@22/51 ] + 4K/ (& bs) = 0 (30)

Since equation (30) was obtained by differentiation with respect to d,
it is not wvalid in the initial postbuckling regicn where of maintains a
value of 1.0 6ver a Fange of loads greater than the initial bucklitg 1load.

20



Initial buckling of skin

At the onset of buckling o¢ = 1 and F = 0. Equations (28) and (29) may
then be written

2 2 1 ' 2 _

N,D + No(m'D + 1) -2N12m0+%1'N* (DC + 50C, + H,,) +B—S-KR—0 (3N
- 1 - (32)

Nom - Ny, + %N*(IIZI +5Cy) =0

For specified values of N2 and N12, the quantity m can be determined
from equation (32) by iteration, for a given value of D (wavelength). The
above parameters together with a preliminary value of KR may be substituted
in equation (31) to yield ’the corresponding 1load N1. Since KR is a

function of stiffener load as well as wavelength, the correct value of N1

again must be found by iteration.
T~ average stress resultant N1 is calculated for a series of wavec-

lengths. The minimum value of N1 corresponds to the intial buckling load

Nicr

Strains in buckled skin

As one of the failure modes considered in the analysis, strains, or
stresses, in the skin are compared with material allowables. The maximum
longitudinal membrane strain (61) in the skin occurs along the nodal: lines
parallel to the stiffener. This strain increases with increasing load.
The longitudinal membrane strain in the center portion of the skin between
two stiffeners on the other hand, remains essentially constant and equal to
its value at initial buckling. Large bending strains exist in this region
of the skin and, as a result, the total compressive strain in. the center

portion of the skin may exceed the strain in the skin at the stiffener



location. In the center region of the skin, the middle surface strains are
given by

_ € 2, - . (33)
ey = 62 + FD [m“(1-a/2) "xy a/2] + F/(2a)

Yy = V12~ 2FDm(1 - a/2

The curvatures in the center portion of the skin vary sinusoidally in
the longitudinal direction

Wrese = 2WDFV}bS sin m(x-my) /L
W, = m2w,XX

b (34)
w,Xy = W

The strains in each ply are computed at the four potentially critical
sointe cerined by (x,y)=(0,0), (A2, 0), (0, b /2), and (A/2, b_/2). T
skin strength margin of safety corresponds to the ply and the location
where the lowest margin of safety exists according to the maximum sutrain

criterion or the Tsai-Hill criterion.

Buckled skin stiffnesses

For stability calculations, the stiffness matrix of the buckled skin

Wwith respect to incremental deformations must be known. In terms of the
average stress resultants in the skin, Nl’ N2 and N6 = N12, and the
strains in the skin at the stiffener locations, 61, 62 and 66 = )?2, the
incremental load--strain relationships may be written as:
i Ny \
11 212 %16 | idél }
T 22226 (9 ) - (35)

L 216 726 %66 \ 912

22



so that the coefficlents of the tangent stiffness matrix are given by

o, R
1y T 52 1, =1,2,6 (36)

To determine the coefficients aij’ equations (27) are differentiated

with respect to ej. This yields equations in the form

™ “1
‘ a4 b11 P12 P13 ((Fy By
3520 = | PaPabyul M * B,
(37
36 | B3y b3y P33 (o B3],
321,2.6
where
P,
; P
3
m = —
j de. \™
]
Differentiating equations (28) through (30) with respect to éj gives
-~ - p- .
€11 G2 A3 as) dyy 915 953 Fy
€1 €22 Co3 352 * A1 dp3 93 mgp =0 (38
€31 32 C33 ) \ 246 | d3y d3p dag | a;
j= 1,2,6

Simultaneous solution of equations (37) and (38) yields the tangent stiff-

neas coefficients a, ,.

13
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Longitudinal tangent .and secant stiffnesses .of the buckled skin are
reguired to calculate section properties for wuse in the beam column
analysis. The longitudinal tangent stiffness

dN
‘A“ tan _ 1

xsk dCl

is determined as follows. JInversion of equation (35) yields

fae} = [a*] an

Since ‘the average stress resultants N, and»N12 are assumed consbant in the

postbuckling regime, sz :‘quz = 0 and hence

73;tan _ le 1 |
e A T gk
xsk dél aTy (39)

The longitudinal 3ecan£ stiffness is given by

- N . T
X~>ec ) Nl MR V:_(_ysk (\hy\-ﬂ\jysk) )
xsk T T - -
1 [Nxsk xysk Nysk]/All '

DESIGN STRAIN LIMITATIONS

Structures currently designed with composite materials are limited to
design ultimate strain.levels substantially below the failure stralns of
the basic composite material. The two principal factors establishing these
limits are (1) stress concentrations associated with cutouts, joints and
splices for structures loaded in tension, and (2) ‘tolerance for impact
damage for compression critical structures. Other conéiderations are:
transverse cracking in plies perpendicular to the major loading direction,
temperature and humidity, compatibility with adjacent metallic structures,
manufacturing defects, and repairability.

In POSTOP, tension and compression strain limitations in the fiber
direction and transverse direction may be specified by the user, These

limitations are applied at the ply level to the skin membrane strains only.
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Local bending strains due to pressure loading and postbuekling are not
included in checks against these limitations. Likewise thermal strains are
excluded. Membrane strains in the skin resulting from panel bending due to
eccentricities, pressure, and skin buckling, however, are included and

added to those caused by in-plane loading.

STIFFENER STRENGTH

The strength of the stiffener is based on the maximum strain criterion
or the Tsai-Hill criterion as applied to the critical element of the stiff-
ener. This element is the free flange, if one is present, or the free edge
of a blade stiffener. Longitudinal strain, fxi' is computed from equation
(15). Since the transverse applied load and in-plane shear are zero, the
transverse and shear strains are '

_ T
€i = By € ¥ NG )Ry,

where NTyi is the transverse thermal load in the element. If the stiffener
is a blade, the curvatures of the web about its midplane are set equal. to
zero. If a free flange is present, the longitudinal curvature about its
midplane is set equal to the panel curvature as given by‘equation (14).
All other curvatures are set equal to zero. Strains are calculated at each
ply and the critical margin of safety is computed according to the speci-
fied criterion.

Local bending and twisting strains in the stiffener elements due to
postbuckling deformations in the skin are currently neglected in the

analysis.

STIFFENER LOCAL BUCKLING

The skin i3 allowed to buckle locally in POSTOP as discussed pre-
viously. The wavelength at initial buckling is 2 A‘ib’ As the skin is
loaded further into the postbuckling range, the critical wavelength
decreases. POSTOP requires the stiffener to offer positive rotational

restraint to the skin in all wavelengths shorter than 2Aib.
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The stiffener will therefore always restrain the skin and will not
tend to drive the skin or to forece it to have a stiffener dominated
wavelength., For the longer wavelengths ( A> Aib)' it is assumed that the
stiffener may be restrained against local buckling by the skin. For
panels with normal geometry, this restraint will be advantageous only in
the case of panels with blade stiffeners. The critical wavelength for
local buckling of flanged stiffeners 1s normally smaller than the critical
skin buckling wavelength ()\<Aib). Torsional/flexural bucklihg will gové_rn
at the longer wavelengths. The local buckling analysis is performed for
all half-wavelengths from A= L to }"'N = L/"max’ where "max
defined maximum number of wavelengths. For A‘N > Aib the skin rotational
stiffness, Ksk’ is conservatively estimated as L‘DZ?/‘bs' Here 022 is the
skin transverse bending stiffness neglecting the additional stiffness due

is a user

to the attached flange. In panels with buckled skin, the out=of«plane
deformations of the skin increase the transverse bending stiffness over

that of a flat, unbuckled plate for }‘N > A The converatism in the

ib*
estimated rotational stiffness, MDZZ/bS, may therefore bhe extreme for
highly postbuckled panels. A summary of the stiffener 1local huckling

calculations is shown in the flow chart in Figure 6.

START L Ns

[CALCULATE LOCAL |
| BUCKLING LOAD FOR

E Ok K |
an ™ 1

NO

Figure 6. Flow Chart of Stiffener Local Buckling Analysis
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The local buckling analysis .of the stiffener for a given wavelength
assumes that each stiffener element is uniformly loaded in pure compres-
sion. This assumption is approximated in the stiffener web of a panel
loaded in bending due to eccentricities or pressure by taking the load at
the web midheight as the magnitude of the uniform load. Figure 4(b) shows
the defbrmétion associated with stiffener local buckling.

The rotational stiffnesses of the stiffener elements are obtained from
the  solution to equation (22). First the free flange rotational stiff-
nesses are obtained from the solution for a plate with one edge free and a
sinusoidal moment applied at the opposite edge. The stiffener web/skin
junction rotational stiffness, K6 as defined in equation (23), is then
obtained from the solution for a plate restrained by the flange rotational
stiffness at the far edge and subject to a sinusoidal moment at the near
edge. The factor by which the actual element lbads must be multiplied to
glve neutral stability is found by iteration for each wavelength. Neutral
stability corresponds to KO + Ksk = 0. The margin of safety is equal to

the lowest load factor minus one,

ROLLING OF STIFFENERS

Wnile stiffener stability at short wavelengths is governed‘by local
buckling, torsional modes become critical at long wavelengths. If the skin
is very flexible in bending, as is normally the case in buckled panels, the
eritical long wave modes will be torsional/flexural with essentially rigid
cross-sectional rotation. This mode is discussed in the following section.
If the skin is very rigid in bending, a torsional mode, as shown in Figure
7 for a rigid skin, could be critical at long wavelengths. This will be
referred to as the rolling mode. In lieu of a more accurate, couplea
torsional analysis combining both the rolling and torsional/flexural modes,

two simpler analyses are used in POSTOP.

27



Figute 7. Rolling Deformatioh

Using an assumed displacement field for theé stiffenér deforuatish i
thHe rolling mode; the total potenitial erergy mdy be expréssed and minimized
to deétermine the critical load factor. Heére the displacehent fisld assumed
is (Reference 7)

u = -szy % cos % b4
v =cz sin L

. (41)

X
~2Czy sin I x

£
1

in which @; v; and w aré thé displacements in the x, y; and z codrdinate
diréctions shHowti in Figure 7:

Neglécbing betiding energy teérms in thé flange comparéd to the rembrané
terts, the load factor, R, for stiffener rolling in a given wavelefigth cai
bé written as

T T T o
"= {[}X7 D)y wi/5 = dwg Dyp/3 + dDyy/ ()7 + 16WeDee/3] e,

23— 3= 31/ 3. T s
PR s By vt Ay wzl}/// W5 [Nyg wig/5 + Ny wy By iy}

The lowest value of the load factor i3 found fof wivélengths rafiging
from the panel léngth to the stiffener spacihg. Thé margin of Safety is
équdl to the lowest load factor minus ohe:
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TORSIONAL/FLEXURAL BUCKLING OF STIFFENERS

In the analysis it 1is assumed that the stiffeners are cocured or
bonded to the skin and the portion of the skin that is integral with the
stiffener flange is considered part of the stiffener. The remaining skin
on each side of the stiffener is assumed to be detached and replaced by a
set of equivalent stress resultants. These stress resultants (and couples)
are considered to act as external loads on the stiffener, as shown in
Figure 8. The buckling mode is assumed to be periodic along the width
direction with one period 'p' including one or more stringers (see Figure
9).

LEFT HAND FORCES
OMITTED FOR CLARITY

4

R
pd VYR

L

/ My
———_——-—/x = é:
/ Do

Figure 8., Skin Forces Acting on Stiffener

L
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«k+1)™ sTieFENER

1 1 1

-J L—b — bk Lot a3 bs

st

Y

)

Figure 9. Transverse Mode Shape
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In determining the constraint forces,.membrane and flexural effects
are assumed to be uncoupled and treated independently. A section of skin
between the kth and (k+1)th stiffener of width bk = bs - bst is analyzed.

Egiqglation of membrane forces acting on stiffener

- (K -t : . . S
If u (k) and v‘k) represent the displacements of the skin in the X and

5 directions measured with respect to the prebuckling configuration,
inplane equilibrium yields the following two governing differential
equations.

k) | (k) ® _

ll UI 4 A66 u’yy + ‘(Alz + A 6) ley 0
ti) 7,00 G 43

(A5 + Agg) u;xy + Bgp Vi + Agy 7 =B

By letting
CRAE ‘U‘(kA)‘ () cos nx |
(4y)
v = v ) sin tx

in which n = n7I/L, and substituting equation (U4) into equation (43),
(k)

the following uncoupled fourth order differential equation in U is
obtained,
iv(k) .+ (K) (k)

-2 ii -4 v -
U -n (All/AGG_ZAlZ/A22) U + n (All/Azz)U = 0 (45)

The solution to equation (45) can be put in the form

4
g = D (k)f ) (46)
=i



where f‘j are known functions of y and Aj(k) are constants of integration.

Substituting equation (46) into the first of equations (U43) and integrat-

ing yields an expression for V(k) which may be written in the form

4

vk o > AJ{k) a5 @ ' : (u7)
=1 |

The integration constants may be expressed in terms of the buckling

displacements of the kt‘h and (k + 1)th stiffeners by imposing conditions of

continuity between skin and stringers at the left (L) and right (R)

attachment lines shown in Figure 8. Denoting the longitudinal displacement

of the stiffener during buckling by u°, the displacements of the shear

center in the y and z directions by v® and w°, respectively, and the twist

per unit length by ¢, the displacements of the stringer at an arbitrary
point q of the cross-section may be expressed as

— O -— X "'o . - o < ’_'. - ¢
Uq = u _zq ‘/Ix zq W’.'x“ '.Q'S ‘}q)(p'x
= O _ -
v =Vo- (2 z ) - (u48)
(@]
w =w + {y-v)
. Y V)P

The coordinates of the shear center (yo. zo) and those of point q (yq.
zq) are measured with respect to the centroid. The last term in the first
of equations (U48) represent the displacement due to warping of the cross-
section at q. To satisfy inplane continuity between skin and stiffeners

at the attachment lines, the following conditions are prescribed.

(k) (k)
(ky_ = (k). ="
Ug =4 (E——-x) VR TV (x=x>
y=o y=o (49)
(k+1) _ K LK+ _{k)

e T &)
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By substituting equations (U6) and (47) into equations (U4) and using
the results together with equation (48) in the boundary conditions (u49),
one may solve for the integration constants in the form

(k)

(50)

-
21
]

" where the terms in the 4 x 4 matrices [R] and (L] are functions of fj<§)
and gj(i) at ¥ = 0 and ¥ = by, respectively.

If there are N stiffeners within one period, there will be N équatiofis
of this type. Tne N' equations, however, bécomes

,Al\ (N) (° \ ™ (D
A — V;Q . Vi»o (51)
{ 2 ’ CCS X 1iv]) < x v + [L] < X >
A w © . w © 1
3 Ix g 'X
A, ) \ ¢'x / \ ¢'x /
(k) (k)

The constraint forces Ny and ny acting on the kt'h stringer may now

y
be determined in terms of the displacements and twist of that stringer and

the adjacent ones, or

« (k) (k) (k) (k)
(k) o o e .
N =S u,. + S, v, + S, Wy, +5. @, .
yyR Rl 4 R2 XX R3 XX R4 XX
O(k+J.) o(k+l) O(k+l) - (k+1)
+ S u, + 5. v, + 8. w,_ . + 8 ,
Ll X L2 XX L3 XX L4 ple 4
. (k=1) _{(k-1) (k=) (k=1)
(k) = o = .0 = .0 =
N''. = S u,. + S, v, + 8. W, +S«¢,M
yyL Rl X R2 XX R3 XX R4 b 6.4
(k) (k) (k) (k)
= . 3 (6] = o =
+ SLlu, + Sﬁzv'xx + SL3w’xx + SL4¢'*X‘X
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(k) (k) (k) (k)
n (k) ° +r v, o+ w® T
xyR R1 R2 b R3 X R4 %

]
-3
o

(k+1) (k+1) (k+1) (k+1) (52)
(o] o] [e)
+ T u + TLZV 'y + TL3w'x + TL4¢IX

(k) _= ok D _ kD (k") (kD)
NXYL TRlu + Tp Voo +'1'R3w,x +'1'R4«;b,X

_ (k) , (k) — ok (k) '
+ T u + T, v, + TL3w,x + ’I‘L4¢,x

’ S s T, » and T are functions of the matrix
R "R R R.
J J J . J_

. The terms S,-, S T T
i L L,” 'L, 'L
J L I B
ij*

Effect of skin bending on stiffener buckling

where the terms S
coefficients R are functions of the matrix

coefficients L

The governing differential equation for plate bending in the presence

N N j Lt
of membrane forces (ﬁxx’ Nyy’ ny) may be written

= (k) = (k) (k) = (k)
Dllw' + 4D16w, + 2(D +2D66) W, + 4D
+ D22w, N w, - 2N w, ~N w, -p 0

- where W is the normal displacement of the skin panel with respect to the
pre-buckling configuration and p is the normal pressure.

In determining the flexural effects of the attached skin, the stress
resultants ﬁxx and ﬁyy are treated as constant loads. In order to sim-

plify the analysis, membrane shear ny is not included and the bending-

twisting stiffness terms D16 and D26 are assumed to be zero. In the

absence of normal loading, the governing differential equation reduces to

= (k) = (k) = (K} % (k) (k) _
Dllw’ + 2D3w, + D22w, -N -N_w, 0 (53)
where

66
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Representing the normal displacement as

_{k) (k) -
w = W (¥)sin nx (5%

and defining

_ 2
g = [D3 + Nyy/(Zn )]/D22

o, _ 2 2
1 -0° = (D]_]_+N)Gt/n )/(‘Dzzg)

equation (53) may be written in the following form.

(k) 2 L.(k) 2 2 4 (k) (55)
W - 29n W tg"(1-4% aw =0

The solution of the differential equation (55) depends on the values
ﬁ2 and g. The general form of the soluticn may be writton as

4
wk - Z c. (K F. (y) (56)
=1 7 |
The integration constants Cj(k) are solved in terms of the buckling
h

displacements of the kt and (k «+ 1)th stiffeners by requiring the

following conditions to be satisfied

(k) (k) (k). = (k)
Vo =W _ ¢R m Ny
K=K X=X
(§5o> (§50>
{57)
(k+1) (k) (k+1) (k)
w. =W =W

34



Using the third of equations (ue) in conjunction with equatlons (54)
th
and (56) one obtains the solution for the integration constants of the k

stiffener in the form

(k)

| @
(k) oy (k+l)
C Wl W : ‘
<c2> sin nx = [R] {q&} + [T P (58)
3
\ C4 )

where the terms in the 4 x 4 matrices (R]1 and {L1 are functions of the
Fj(i). For the N'D stiffener

(N
. (M 5y )

C2 _ _ W - w

< > sin nx = [R] { } + [L] .{ & } (59)

c ¢

3 ,

C

\ 4 )
The moments and shear forces acting on the kth stiffener can now be

s . L
obtained in terms of the normal displacements and twists of the k n

stiffener and the adjacent stiffeners.

(k) (k) (k+1) (k+1)
(k) [0} 0
=B_w +B, ¢ +B w +B ¢
ny R1 R2 Ll L2
(k-1) {k-1) - oflk)
uk) 5 o = = oW,
=B w +B. ¢ + W + ¢
Mo, R R, BLl BL2
(60)
(k) (k) qS(k) o (k+1) ¢(k+l)
w + + L +
RR RRZ RLl RL2
olk=1) _ (k-1) _ (k) (k)
V=T T e R @
2

The térms BR ’ BR s RR , and ﬁR are functions of the matrix coefficients
j j J_ J _
Rij' The terms BLj. BLJ, RLJ, and RLJ are functions of the matrix

coefficients Lij'
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Formulation of stability matrix

Differential equations are obtained by considering equilibrium of
forces and moments acting on a small element of the stiffener. Included
in these forces and moments are those applied along the left (L) and right
(R) attachment lines by the skin during buckling.

The moments, My and Mz' and the torque Mx’ may be expressed in terms
of the stiffener displacements and twist

- o _ o
M, = = EL, Ve = B Wiy
v =z e FE o - [ ] © 6 :
MZ EIZZ V. EIyz W, (61)

M
X

G ‘b’x - Cl¢'xxx

The following four stability equations are derived by considering
equilibrium of forces and moments

(k) (k) (k) .

EA u?xx N = N O .
Loz V’(;::{Jr Blyz w,;)(;}){+ P [v?:{)+ zo¢’fz<]

;;1)? + N;;L Vg }g;; ot xyl;(,)x -0
Flyz V';(DZ * By w'?oi:( P [w,;ik)-yod’r(k)

1(};) vi(,';)_ 2 [Nx;g)’x X}("g)’x] -0
Cl¢>,>o(ok{2< _'[GJ-— (ET_/EA) §]¢,$)+ 5 (2, V,}Oo({k)—yo w';{(k)] - (63)
ez [Nﬁ(z;z% y;’;[(:)] - (Ypyy) V;;\) Yo v“‘)
* Mi(’?’%{ 3(73‘2-‘ oy - wp) NX}(’;),X - g - wp) qul;%.,x =0
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The expressions for the constraint forces and moments, equations (52)
and (60), may be substituted in equations (62) to yield a new set of
equations for the kth stiffener. This new set of equations willyinvol?e
the buckling displacements and twist of the adjacent stiffeners as well és
those of the stiffener under consideration. ‘

Buckling displacements are assumed in the form

o(k) (k) _
u = U* cos nx
(k) (k)
v°C = vk sin nx
o(k) (k) _ (63)
W = Wk sin nx
oK) = gx(K) gin Tk

Equations (62) may now be written in the form

U*

__.) -

ARE R | (64)
ma] L——-2\ = P [BB] (W, =0

W

@*

In the above [AA] is of order 4N x UN and [BB] is of order 4N x 3N.
By eliminating the column submatrix { U%* } a standard eigenvalue problem
of order 3N x 2N is obtained.

=] -

[AR] ¢ wx_» =P [BB] {_W* (65)
. o)

The lowest eigenvalue, P
load.

or? corresponds to the stiffener buckling
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SKIN/STIFFENER INTERFACE STRESSES

When the panel is subject to internal pressure loads or has a buckled
skin and when the panel stiffeners are bonded or cocured to the skin, the
critical failure mode may involve deparation of the skin and stiffener,
Prior to separation, the interface between the skin and stiffener attains
a complex stress distribution. This distribution of stresses may include
longitudinal and transverse direct stresses, d"x and oy, normal direct
stress, O'z, inplane shear stress, 'rxy, and transverse shear stresses, sz
and Tyz..

The interface stress analysis in POSTOP is an attempt to prowvide the
designer with a means of minimizing the tendency toward skin/stiffener
separation. Prevention of this mode from being critical, rather than
prediction of the separation failure load, is thé objective of the current
aralysis. The computational efficiency required of any analysis ‘in g
practical sizing code is a strong constraint on the types of anaylyses
which may be included in such codes. This requirement excluded from
consideration any highly non-linear separation failure analysis.

The current ianterface  stress analysis provides an efficient,
closed-form solution for the interface stresses based on the assumption of
elastic linear material behavior and small deflections. Margins of safety
are obtained with ¢the Tsai-Hill's criterion as a4pplied to a three
dimensional stress state. '

The physical model for which the solution is developed is shown in
Figure 10. The model consists of flange and skin plates and an interface
layer. The attached flanges are assumed to be of equal width b and equal
uniform thickness, tf.. The remainder of the stiffener is replaced by a
vertical and a rotational spring in the web midplane having stiffnesses kz
and kr' respectively. The skin between stiffener flange edges is replaced
by equivalent moments and shear forces in the buckled skin. These stress
resultants are distributed sinusoidally over the buckled skin wavelength,
X. A transverse stiffness ky' representing the transverse wmembrane
stiffness of the removed skin, acts on the edges of the remaining skin
plate. Longitudinal inplane loads are present in the flange and skin and

& transverse inplane load in the skin. Inplane shear 18 curréntly not
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included in the model. The effect of in plane shear is, however, included
in determining the buckled skin equivalent moments, M, and shear forces, V,
applied to the skin portion of the model as shown in Figure 10.

INTERFACE
VERTICAL & . LAYER MODUU
ROTATIONAL £, G
RESTRAINT AT f be

STIFFENER o
WEB ¢ x ;
B B e L S

Figire 10, Skin/S+iffener Interface Model

Independent solutions have been developed for the antisymmetric
conditions present in postbuckled biaxially loaded panels and for the
symmetric condition that r‘e:‘sults from pressure loading. The antisymmetric
case closely approximates the deformation of postbuckled panels loaded
with biaxial plus shear loads if the shear load is of a secondary nature
as previously assumed and the flange width, bf, is small relative to the
wavelength. Since the solutions are linear, superposition is used to
obtain total stresses if required. The interface normal stress, O_, and

oz
transverse shear stresses, T,  and ryz. are obtained directly. The

remaining interface stresses xazre obtained from the skin inplane strains
and the requirement of skin-interface compatibility.
The solution procedure for the antisymmetric case is summarized below.
The procedure for the symmetrie solution is similar.
If the flange and skin are orthotropic and loaded antisymmetrically

about the web midplane, they will deform antisymmetrically. The applied
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meméent and shear may be represented in series form as

M(&)
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in whieh m = 1, 2, ...and €=z x/Xk . The skin displacements in the x, y,
and z directions may be written in Series form as

o
0

Z Z Unry Prep (1) cos mmé
m n

50

}_; VP (1) sinmat &

™M

% Wmn Pl’H‘l(’T,)’ Sin m’ﬂ'g

3

in which n = 0, 2, 4, ... and M= y/bg. The P, (M) are Legendre
polynomials. The interface stresses acting on the upper surface of the
skin may be written in similar form

Tz =§ Zn Pymry P (M cos mag

Tyz =Z Z pym Pn(n) sin m7§

m n (68)

Yy =Z % Yn Prri () sin mué

m

A weighted residual procedure is used to establish the governing
equations for the inplane and transverse displaceménts of an orthetropic
plate subjeet te surface normal and tangential loads representing
interface stresses. Biaxial inplane loads are ineluded in the governing
equations. Substitutiod of thé séries expressions for the applied edge
momeénts and shears, the skin displacements, and the interface stresses

into the governing equations yields a set of linear algebraic equations
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for the displacement coefficients as functions of the applied edge load

and unknown surface load cqefficients. In matrix form these equations are

il I T T A I
c Val v o 1| |, .
[g] {w} - [h:r:s] 5;; + {u}+ {7}

in which the terms of the coefficient matrices are functions of the plate
stiffnesses and dimensions. Due to the properties of the Legendre
polynomials chosen as the shape functions, these terms may be rapidly
computed. The {M} and {V} are functions of the applied edge loads. If N
shape functions are included in the series expressions, equations (69)
contain 3N equations. These equations may be developed independently for
each value of m as required by the series expressions of the edge loads,
equatinns (66). Similarly, a set of equations may be developed for: the

flange displacements Ups Voo Wp.

O B B R R N T
s 1a) v o 1] Iz, ]

(70)

The two plates are forced to have compatible deformations through the

continuity conditions

<
I

g = Uk (te+ t) Ow/ox + Tt/ — (5 te £./E)30,/3x

<
!

f=V s (bt t) dw/dy + Tz ta/G - (% te ta/E)aoZ/by (71)

b
]

£ w + (ta/E)O'Z

in which tf, ts' and ta are the flange, skin, and interface thicknesses,

respectively, and E and G are the elastic moduli of the interface layer.
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If equations (69) and (70) are solved for the displacement coefficients
and substituted, along wih equations (67) and (68), into the continuity
cohditions, equations (71), a set of 3N linear algebraic equations for the

interface stress coefficients results

(72)

These equations may be developed and solved for each value of m in the
edge load series yielding the interface stress coefficients. The
interface stresses are then obtained from equatiohs (68).

The interface stresses are evaluated at a number of points on a grid
defined by the program user. Typically points along the flange edge will
be critical although locations near the web may be critical in some cases.
Some examples are given in the User's Manual, Reference 4.

k Margins of safety at the grid points are computed according to the

Tsai-Hill criterion. This ecriterion may be wrilben av

2 2 2

o o o -2 -2 -2
s=[Z ] +{ X} + 2 -goc |G +0 -0
5 T o Xy i ox 3% Z
X y z
-2 -2 -2 -2 _ -2 -2
-0 0 {0 +0 -0 -0 010 + 0 - g
X X A 3% vyz\y z X
- 2 - \ 2 2
‘ T
Tl S Y I QY I L EP ] (73)
T
Tky XZ Tyz
in which the bar superscript denotes allowable stresses. Different

allowables may be specified for tensile and compressive direct stresses.

The allowable stresses appropriate to the sense of the computed stresses
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are used in computing the values of S at the grid points. The margin of
safety in this mode is 1/V/5 -1. '

The inplane interface stresses used in equation (73) are

B v
o =~—~—2 (€x+vey);
X 1-v

0,6 = (ve, + € )
Y p-p% XY
T =G

Xy 7§Y

in which Gx is the longitudinal strain at the interface midsurface. The

strains ey and );y are conservatively set equal to the skin transverse and

shear strains, respectively.

SKIN LAYUP DESIGN CONSTRAINTS

It is often desirable to place constraints on the proportions of skin
material orientéd in various directions. For example, the "soft skin"
concept has been used as a means of enhancing the damage tolerance of
stiffened panels. In this case the skin is required to have a high
proportion, say 60 percent or higher, of its total material oriented in the
+45~-degree directions. Without a 1lower bound on the proportion of
+45-degree material, the sizing procedure would most likely result in less
than 60 percent +U5-degree material in the skin.

To achieve designs such as the soft skin concept, lower bounds may be
placed on the proportions of skin material oriented in three general
directions or zones as shown in Figure 11, Zone 1, the longitudinal zone,
is defined 2s the x-direction (stiffener direction), plus or minus a small
angle 6. The angle 4] may be zero or'any small positive number of degrees.
Zone 2, the transverse zone, is defined as the y-direction plus or minus f.
Zone 2, the intermediate 2one, includes directions excluded from Zones 1

and 3. To achieve the soft skin design described above, lower bounds of
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0.0, 0.6 and 0.0 would be set for Zones 1, 2, and 3, respectively, and
8 would be set to zero degrees. The purpose of the angle § 1is to allow
slightly off-axis, say +5-degree, material to be wused as the basic
longitudinal material rather than only =zero-degree material. Transverse
material would, in this case, be +(85/95)-degree material and § would be

set at S5-degrees. If no skin layup design constraints are desired, all
lower bounds are simply set to zero,

x LONGITUDINAL -
\_/— ZONE |

INTERMEDIATE -
ZONE 2

—
S

TRANSVERSE -
ZONE 3

Figure 11, Skin Layup Design Constraint Zones for
Skin Material Orieniations

MULTIPLE LOAD CASES

POSTOP has the capability to analyze or size panels with up to five
separate load cases. In the sizing mode, a minimum-weight panel is
‘obtained that satisfies all design requirements for all the load cases.
The margfns of safety for each failure mode in each load case are computed
and the critical margins of safety are used to formulate design con-
straints during sizing.

Each load case has its own inplane and normal loads, eccentricities,
temperature, required panel stiffnesses, skin buckling requirement,
material properties and allowables and strain limitations. Stiffener
dimensions and spacing., laminate configurations, and skin layup design

constraints are common to all load cases.
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SIZING

The determination of values for the panel variables so0 that all mér-
gins of safety are within prescribed bounds and the panel hés the lowest
possible weight is referred to as sizing. POSTOP uses the program CONMIN_
(Reference 2) to determine how the variables should be changed from an
initial design. The program COPES (Reference 1) is used to impose limits
on the variables or margins to safety, to link variables, and to provide
design aids such as the sensitivity study option or the approximate opti-
mization techniques described in this reference. COPES also provides the
ability to size a panel to meet objectives other than minimum weight. For
example, a panel with a given weight could be sizgd to provide a maximum
positive margin of safety in a particular failure mode. The margins of
safety are computed in all cases by the analysis routines previously dis-

cussed.

OPTIMIZATION PROBLEM STATEMENT

The standard statement of an optimization problem is: Find the values
for the design variables Xi such that some objective function Y(Xi) is
minimized subject to the constraints Gj(xi) < 0 and (Lower Bound)i < Xi <
(Upper Bound)i.

Normally the objective function is the panel weight per unit plan form
area. Alternatively any margin computed by the analysis routines may be
chosen as the objective function in which case Y(Xi) = —MSj. The design
variables may include any of the stiffener flange widths, the stiffener
height, the stiffener spacing and thicknesses of the various 1laminae
defining the stiffener and skin laminates. Panel length is normally held
constant but may be chosen as a variable if desired.

COPES allows upper and lower bounds to be placed on the variables or
any function of the variables. Variable constraints are treated as linear
side constraints. Function constraints may be linear or nonlinear. In
POSTOP the user defines bounds on all variables and margins. Panel weight

may also be bounded in a margin maximization sizing. The constraints
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G, (X,) may be expressed in standard form as

3

Lower Limit - Value = Gi (Xi) < 0

Value - Upper Limit = Gk (Xi) <0

COPES intérnally formuiates tﬁe constraints in this way. Normally
each margin of safety will be required to be greater than zero, or some
minimum value, and will not have an upper 1limit imposed. In this way
different margins of safety may be required to have different minimum
values. Variables must be constrained to have positive values. These
side constraints are imposed directly by limiting possgible values that the

variables can assume.

OPTIMIZATION PROCEDURE

The nonlinear mathematical programming procedure used in CONMIN is a
modification of the method of feasible directions (Reference 3). This
procedure is well documented in Refereucc 2 and cniy z briel overview is
given here.

A starting design is defined which may be in the feasible or infeas-
ible region but should be Yreasonable.“ Gradients to Y(Xi) and the
eritical Gj(Xi) are computed. POSTOP requires CONMIN to compute the
gradients by finite differences since most of the margins of safety are
computed by algorithms rather than explicit functions. Assuming the
starting design to be feasible, it is modified using the conjugate direc-
tions method until a constraint i{s encountered. Further modifications are
made in a direction that will decrease Y(Xi) but not violate the Gj(xi)'
When no further modifications are possible the optimum design has been
found. A global optimum cannot be assured. Different starting designs
may be used to achieve some confidence as to the global or local nature of
the optimum designs. In most cases starting designs that are well within
the feasible region allow the optimization procedure to produce designs
that are very close to the apparent global design. Experience with POSTOP
has shown that local minimum values of panel weight may be found that are
approximately equal, but the corresponding designs may be significantly
different.

46



3.

5.

REFERENCES

Madsen, Leroy E. and Garret N. Vanderplaats, "COPES - A Fortran
Control Program for Engineering Synthesis," Report No. NPS69-81-003,
Naval Postgraduate School, Mbnterey, Calif., March 1982. -

Vanderplaats, Garret N., "CONMIN - A Fortran Program for CONstrained
Function MINimization - User's Manual,” NASA ™ X-62,282, 1973.

Zoutendijk, G., Methods of Feasible Directions, Elsevier Publishing
Co., Amsterdam, 1960.

Biggers, Sherrill B. and John N. Dickson, "POSTOP: Postbuckled
- Open-STiffener Optimum Panels - User's Manual," NASA CR-172260,
January 1984

Timoshenko, S. P., and Gere, J. M., "Theory of Elastic Stability,"
Second Edition, McGraw-Hill Book Company Inc., 1961.

Koiter, W, T., "Het Schuifplooiveld by Grote Cverschrydingen. van de
Knikspanning,” National Luchtvaart Laboratorium, Report S 295,
November 1946, in Dutch. '

Bushnell, David, "Panel Optimization with Integrated Software (POIS),

Volume I -~ PANDA -~ Interactive Program for Preliminary Minimum
Weight Design," AFWAL-TR-81-3073, July 1981,

47



* f. Report No: 2. Government Accession No. - 3. Recipient’s Catalog’ No.
NASA CR-172259 _ } . o o
4 Titte and’ Subtitie . 5. Report Dite’
2 ' ~ January 1984
POSTOP: POSTBUCKLED OPEN~STIFFENER OPTIMUM PANELS -~ 6. Performing’ Organization Code
THEORY AND CAPABILILY '
© 7. Author(s) 8. Pertorming Organization Report No.
~J. N, Dickson and S. B. Biggers ( -
10. Work Unit No.
9. Performing Organization Name and Address
Lockheed-Georgia Company 11, Contract or Grant No.
B6 South Cobb Drive
Marietta, GA 30063 NAS1-15949,
A 13. Type of Report and Period’ Covered
12. Sponsoring: Agency Name and Address ' Contractor report
National Aeronautics and Space Administration ~ e
Washington, DC 20546 14. Sponsaring Agency Code
15. Supplementary Notes
Langley Technical Monitor: Dr. James H. Starnes
16: Abstract
The computer program POSTOP has been developed to serve as an aid in the analysis
and sizing of stiffened composite panels that mayv he Toaded in the postbuckling
regime, A comprehensive set of analysis routines has been coupled to a widely
used optimization program to produce this sizing code. POSTOP is intended for
the preliminary design of metal or composite panel: with open-section stiffeners,
subjected to multiple combined biaxial compression (or tension), shear and normal
pressure load cases., Longitudinal compression, however, is assumed to be the
dominant loading. Temperature, initial bow eccentricity and load eccentricity
effects are included. The panel geometry is assumed to be repetitive over several
bays in the longitudinal (stiffener) direction as well as in the transverse
direction. Analytical routines are included to compute panel stiffnesses, strains,
local and panel buckling loads, and skin/stiffener interface stresses., The
resulting program is applicable to stiffened panels as commonly used in fuselage,
wing, or empennage structures. This report describes in some detail the analysis
procedures and rationale for the assumptions used therein. A brief description of
the sizing methodology is given. Detailed instructions for the use of the code
and interpretation of the output from the program are given in a separate User's
Manual (NASA CR-172260). .
17. Key Words (Suggested by Author(s)) 18. Distribution Statement
Postbuckling, Stiffened Panels,
Composites, Sizing Code, Analysis Methods Unclassified - Unlimited
Subject Category 39
19. Security Classif: {of this report) 20. Security Classif. (of this page) 21. No. of Pages’ 22. Price

Unclassified , Unclassified 50 | AO3

%-305 For sale by the Nationa} Technical Information Service, Springfield. Virgima 22161

}:3‘.



